The diffusion of charged species in solids is a very important part of the study of the electrical properties of materials. Electrical measurements using alternating current (ac) impedance is a powerful technique to study diffusing species in metal oxides as well as polymers. Three case studies are being presented here whereby the electrical properties of LiTaO 3 , Poly[2-methoxy-5-(2'ethylhexyloxy)-(p-phenylenevinylene)] (MEH-PPV) and its composite are being studied using the same ac impedance technique. LiTaO 3 is a metal oxide while MEH-PPV is a polymer. They are very different and therefore present very good examples for the versatility and power of ac impedance method. Electrical parameters such as conductivity and conduction behaviours of the conducting species can be extracted from the studies. The kinetics of the diffusing species can be elucidated by using proper analytical techniques.
Introduction
The study of the diffusion of charged species in solids are very important due to the vast applications of different solid materials in technology today [1] [2] [3] [4] . Understanding diffusion mechanisms helps scientists and engineers design suitable materials for electrical and electronic applications [1, 4] .
The state of matter of solids are different from liquids and gases due to the fact that the atoms of solids are relatively fixed in space while those in gasses and liquids have more freedom. The movement of atoms or ions in solids is restricted due to the bonds that exist between them. The movement is usually limited about an equilibrium position. This means that the atoms or ions in solids do not undergo translational motion. However, charged species such as electrons, ions or holes can have translational motion through a solid depending on the type of solid, the charged species and the surrounding conditions. Diffusion of electrons and ions through solids are different as electrons are very much smaller in size and mass than the smallest of metal ions which is Li + . Li + has an ionic radius of 0.59 Å [5] while that of the electron is 2.8 x 10 -5 Å (the so called "classical electron radius") [6] . The mass of the Li + ion is 1.15 x 10 -26 kg and that of the electron is 9.1 x 10 -31 kg [5] . Thus, it is obvious that the rate of diffusion of electronic and ionic charged species must be very different in materials.
The study of the diffusion mechanisms of charged species in materials is not an easy task. This is because the full microscopic analysis of the usually complex materials is not available. Therefore, the electrical quantities needed to give diffusion values have to be analyzed by comparing the
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Online: 2011-04-20 ISSN: 1662-9507, Vols. 312-315, pp 1216-1221 doi:10.4028/www.scientific.net/DDF. 312-315.1216 © 2011 measurements to an equivalent circuit [7] . Ac impedance spectroscopy is one of the possible and useful ways to study the diffusion mechanisms of charged species in materials. The method is relatively easier to use and it is a versatile technique that can be used for many different types of materials and diffusing species.
Three case studies are being discussed here. One is the case of the polymer Poly[2-methoxy-5-(2'-ethylhexyloxy)-(p-phenylenevinylene)] (MEH-PPV), two, the MEH-PPV/mesocarbon microbead (MCMB) composite and the third one is of the ceramic LiTaO 3 . MEH-PPV is a conjugated polymer and the charge carriers are believed to be electrons while LiTaO 3 is a ceramic and the charge carriers should be Li + ions. Even though the nature of the materials is very different, it is demonstrated here that ac impedance is a versatile and a powerful enough technique to be successfully used for the study of the diffusion of charged species in the materials.
Experimental method
A solution-cast technique was employed for the MEH-PPV and MEH-PPV plus 2 weight % MCMB films. The films were cut to fit the stainless steel electrodes for the ac impedance measurements. Measurements of ac impedance were taken using a HIOKI 3532-50 LCR Hi Tester. The frequency range used was 1 kHz to 1 MHz. The temperature was from 308 to 373 K.
For the LiTaO3 materials, pellets of 1.3 cm in diameter and 0.0903 cm in thickness were made using a hydraulic press. Measurements of ac impedance were taken also using a HIOKI 3532-50 LCR Hi Tester with the frequency range of 50 Hz to 1 MHz. The temperatures used were from 323 to 373 K.
Results and discussions
The ac impedance technique basically involves measurements to give what is called the Nyquist plot or sometimes called the Cole-Cole plot. The equation used is
where the real part, Z r = Z 0 cos φ and the imaginary part, Z i = Z 0 sin φ. The bulk resistances are determined from the plots. Equation (2) is then used to determine the conductivity value, σ. b AR t = σ (2) In Eq. (2), R b is the bulk resistance of the material, t is the thickness of the film and A its surface area [6, 7] . The Nyquist plots for MEH-PPV, MEH-PPV plus 2 Weight % MCMB and LiTaO 3 are shown in Fig. 1, 2 and 3 , respectively. It is obvious that the bulk resistances decrease with increasing temperature. It can also be seen that the bulk resistances for the MEH-PPV material with MCMB are less than those for the pure material. The results show that the resistances have decreased with the addition of the MCMB in MEH-PPV which implied an increase in conductivity. This temperature dependent trend also seems to be true for LiTaO 3 which shows that the bulk resistances decrease with temperature ( Fig. 3) . The conductivity values for MEH-PPV, MEH-PPV plus 2 weight % MCMB and LiTaO 3 at a temperature of 333 K are 4.94 x 10 -9 Scm -1 , 4.04 x 10 -7 Scm -1 and 9.9562 x 10 -9 Scm -1 respectively. Activation energy is obtained from Eq. 
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where σ 0 is the pre-exponential factor, T is temperature and E a is the activation energy. Equation (3) can be modified to obtain the following equation, 0 a log kT
The activation energy is then obtained from the graphs in Fig. 4, 5 
where n is the concentration of ions, e is the electronic charge and Z is the valence of the ions. It can be seen that the mobility is directly proportional to the conductivity and that if the conductivity of the material is known, then estimating the number of charge carriers will give the mobility of the conducting species. Table 1 summarizes the results for the three materials. The electrical behaviours of the three materials, even though seemingly similar, are not due to the same mechanisms. In polymers, the electronic conductivity normally occurs by a hopping mechanism [8] but the high increase in conductivity when 2 weight % MCMB is added suggests that a different mechanism is now in play. It is postulated that in the MEH-PPV with MCMB content, the extra electrons added by the carbon changes the environment in the polymers to become similar to that in conductors where a sea of electrons exist. These electrons are free to move and they drift through the material in a more efficient manner than hopping. This is a logical explanation because when the number of electrons rises to a certain extent, the electrons will no longer be able to hop from one site to another along the polymer backbone due to the congestion created by the extra electrons in the polymer matrix. The electron drift explains the mechanism for the diffusion of the electronic charge in MEH-PPV/MCMB material and the hopping mechanism explains the movement of the electrons in pure MEH-PPV polymer. The mechanism for Li-ion diffusion in LiTaO 3 is somewhat different from that in polymers. LiTaO 3 is a metal oxide and it can be considered a ceramic. The band gap energy of this type of material will determine if it is a conductor, a semi-conductor or an insulator. Looking at the conductivity values, LiTaO 3 can be considered an insulator and the band gap energy is expected to be high. The charge carrier for LiTaO 3 is believed to be Li-ions. Interestingly, the conductivity of LiTaO 3 is about the same as pure MEH-PPV but the charged species and the structure of the materials are different. Diffusion of electrons and ions through solids are different as electrons are very much smaller in size and mass than metal ions. Li + has an ionic radius of 0.59 Å [5] while that of the electron is 2.8 x 10 -5 Å (the so-called "classical electron radius") [6] . The mass of the Li + ion is 1.15 x 10 -26 kg and that of the electron is 9.1 x 10 -31 kg [5] . Thus, due to the difference in size and mass, the rate of diffusion of electronic and ionic charged species is different in the materials. This can be seen by looking at the mobilities of MEH-PPV materials and LiTaO 3 metal oxide in Table 1 . Although the activation energy of LiTaO 3 is lower than pure MEH-PPV and the same for MEH-PPV/MCMB, the mobility of Li + ions is much less than that of the electrons in the polymers. This emphasizes the effect of the type of conducting species as well as the structure of the material medium under consideration.
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Conclusion
Diffusion of charged species in different types of materials can be studied using ac impedance spectroscopy. It can be applied to different types of conducting species as well as different types of materials with different structures. It helps to give insight into the mechanisms and kinetics of the diffusion processes in materials which is invaluable for electrical, electronic and electrochemical materials.
